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investigates the physical and mechanical properties of solid cement bricks manufactured with
crushed clay bricks as recycled aggregates. Four series of mixtures with cement content 100, 150,
200 and 300 kg/m3 were prepared. In each series, either natural ﬁne aggregate, coarse aggregate
or both were replaced with crushed brick aggregates (CBA) at 0%, 50% and 100% by volume.
Compressive strength, unit weight and water absorption were determined and compared with the
relevant national and international standards for load bearing and non-load bearing units, respec-
tively. The experimental results showed that as the replacement level of natural aggregates
increased, the unit weight and compressive strength of solid cement bricks decreased and the water
absorption increased regardless of cement content. Furthermore, it is possible to manufacture
different grades of solid cement bricks with CBA to be used as load bearing and non-load bearing
units depending on the size of the crushed bricks and the replacement percentage of natural aggre-
gates.
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lsevierIntroduction
The sustainable construction concept was introduced due to
the growing concern about the future of our planet because
construction industry is a huge consumer of natural resources
and, simultaneously, a waste producer. Cement bricks indus-
try is considered one of the biggest natural resource consum-
ers. However, it may be used as a potential place for
recycling wastes, because of its composite nature (i.e., cement,
water and aggregates). Aggregates in solid cement bricks
comprise about 60–75% of the total volume, so any reduc-
tion in natural aggregates’ consumption will have signiﬁcant
impacts. Recycling of wastes as natural aggregates is not only
economically viable but also it is considered as an
254 D.M. Sadekenvironmental friendly approach. Clay bricks are largely used
in Egypt. The quantity of masonry demolition waste is esti-
mated to be around 2–3 and 1.5 times higher in buildings
with load bearing masonry and reinforced concrete framed
masonry inﬁll as structural systems, respectively. Accord-
ingly, a signiﬁcant portion of demolition wastes is clay bricks.
In addition, brick manufacturing industry produces large
quantities of rejected ﬁred bricks due to being off-standard
(i.e., broken, distorted, under burned, or over burned). The
off-standard bricks are sold for landscaping purposes, if eco-
nomically feasible, but usually dumped into sites around the
brick factories causing environmental problems [1–3]. Thus,
the recycling of crushed bricks as alternative aggregates has
a particular interest as it can considerably reduce the problem
of waste storage and on the other hand can help in the pres-
ervation of natural aggregates [4].
A number of studies were conducted to evaluate the poten-
tial of using crushed bricks as aggregates. Hansen [5] and Pad-
mini et al. [6] reported that for a given strength, the modulus of
elasticity of crushed brick concrete is between half and two-
thirds that of normal concrete and the water absorption and
sorptivity increased for concrete containing crushed brick
aggregates. Furthermore, concrete containing coarse crushed
bricks had a relatively lower strength at early ages than normal
aggregate concrete. This is due to the higher water absorption
of crushed brick aggregates compared to natural aggregates
[7].
Cachim [1] reported that crushed bricks could be used as a
partial replacement of natural coarse aggregate without reduc-
tion in concrete properties for 15% replacement and with
reductions up to 20% for 30% replacement. Khaloo [8] found
a decrease by 7% in concrete compressive strength by using
crushed clinker bricks as coarse aggregate compared to natural
aggregate concrete. Akhtaruzzaman and Hasnat [9] found that
although the tensile strength of concrete containing coarse
crushed brick was higher than that of normal concrete by
about 11%, the modulus of elasticity was 30% less than that
of normal concrete. Moreover, Kibriya and Speare [10] re-
ported that concrete containing coarse crushed brick had com-
parable compressive, tensile and ﬂexural strengths to those of
normal concrete but the modulus of elasticity was drastically
reduced. The use of brick aggregate signiﬁcantly increased
the shrinkage, the initial surface absorption, chloride diffusion
and the creep of concrete was increased as well.
Poon and Chan [11] found that the incorporation of 20%
ﬁne crushed brick aggregate decreased the compressive
strength and the modulus of elasticity of the concrete by
18% and 13%, respectively. Khatib [12] reported that concrete
incorporating up to 50% ﬁne crushed bricks exhibited similar
long-term strength to that of the control concrete. At 100%
replacement of ﬁne aggregate with crushed bricks, the reduc-
tion in strength was 10%. However, an increase in the expan-
sion was recorded when the specimens were stored in water.
Debieb and Kenai [4] found that the compressive strength de-
creased by 35, 30 and 40%, respectively, when coarse, ﬁne or
both ﬁne and coarse aggregates were fully substituted by
crushed bricks. A reduction of the modulus of elasticity was
30%, 40% and 50% and that of the ﬂexural strength was
33%, 36% and 46%, respectively. Water absorption, perme-
ability and shrinkage of crushed brick aggregate concrete were
signiﬁcantly greater than those of the natural aggregate con-
crete. They recommended that the use of crushed bricksaggregates should be limited to low performance concrete such
as pavement blocks and if crushed bricks are used in concrete
the substitution percentage should be limited to 25% and 50%
for the coarse and ﬁne aggregates, respectively.
Bektas et al. [2] found that using up to 20% ﬁne crushed
bricks had no negative effect on the mortar compressive
strength and very limited effect on the mortar shrinkage. On
the other hand, Corinaldesi and Moriconi [13] reported that
the compressive and ﬂexural strengths of the mortars prepared
by ﬁne crushed bricks are signiﬁcantly lower than the control
mortar. Salih and AL-Azaawee [14] found that the compres-
sive and splitting tensile strengths of mortar decreased and
the drying shrinkage increased by using 100% ﬁne brick aggre-
gates. The incorporation of crushed clay brick as aggregate
reduced the compressive and tensile strengths of the paving
blocks and signiﬁcantly increased the water absorption. A
reduction in compressive strength up to 37% and 61% was re-
corded for the incorporation 25% and 75% replacement level
of recycled concrete aggregate by crushed clay brick [15]. Poon
and Chan [16] found that a blend of recycled concrete aggre-
gate and crushed clay brick increased the optimum moisture
content and decreased the maximum dry density and CBR
values when used as a subbase material.
It is obvious that most of the researches focused on the
recycling of crushed bricks as either coarse or ﬁne aggregate
individually in concrete, although it has a signiﬁcant effect
on the strength especially at higher replacement percentages
of aggregates. Thus, its recycling is still limited especially in
developing countries. However, the shortcomings of using
crushed bricks can be avoided by the production of non-
structural concrete products such as cement brick. This paper
investigates the potential of using crushed clay bricks as alter-
native aggregates in the production of innovative solid cement
bricks to achieve the maximum recycling rates of that waste in
an efﬁcient and economic manner and to conserve the natural
aggregates to be used in the important industries such as con-
crete industry. Compressive strength, unit weight and water
absorption of solid cement bricks containing crushed brick
aggregates were determined and compared with the limits of
the national and international standards for load bearing
and non-load bearing units.Methodology
Materials
The used cement was CEM I 42.5 N complying with the Egyp-
tian Standard Speciﬁcations (ES) 2421/2005 [17]. Sand and
dolomite were used as ﬁne aggregate (FA) and coarse aggre-
gate (CA), respectively. Coarse aggregate had a nominal max-
imum size of 14 mm. The recycled aggregates were crushed
clay bricks (referred in this paper as crushed brick aggregates
(CBA)), obtained as industrial waste from local factories in
Cairo, which were used as alternative coarse and ﬁne aggre-
gates. The coarse CBA were those passed from sieve No. 14
(14 mm) and retained on sieve No. 4 (4.76 mm), whereas ﬁne
CBA were those passed from sieve No. 4 (4.76 mm). For prac-
tical reasons, no alteration was carried out on the grading of
the coarse or ﬁne CBA. The aggregates properties are shown
in Table 1. The results showed that CBA had lower speciﬁc
gravity than natural aggregates; water absorption of CBA
Table 1 Physical properties of aggregates.
Property Coarse aggregate Fine aggregate
Crushed stone Crushed brick Sand Crushed brick Limits
Speciﬁc gravity (SSD) 2.65 1.91 2.5 2.08 –
Unit weight (t/m3) 1.54 1.00 1.74 1.27 –
Absorption (%) 0.83 12.35 – – 62.5a
Moisture content (%) 0.41 0.96 0.63 1.06 –
Clay and ﬁne materials (%) 1.21 1.94 1.8 6.60 64b
Impact index (%) 13.21 29.45 – – 645b
a According to the Egyptian code of practice issued 2007 [19].
b According to ES 1109/2002 [18].
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the porosity characteristics of the clay brick which may be
40%.
Methods
Mixture proportions
From economic point of view, concrete, paving blocks, solid
cement brick, etc. are designed to achieve the target compres-
sive strength with minimum cement content. So, the main
objective of the experimental program is to produce solid ce-
ment bricks satisfying the requirements of the national and
international standards (i.e., ES and ASTM) either for load
bearing units or non-load bearing units using crushed clayTable 2 Mix proportions for solid cement bricks (kg/m3).
Mix Cement Fine aggregates
Sand Crushed brick
M1-100 100 816 –
M2-100 816 –
M3-100 816 –
M4-100 408 340
M5-100 – 679
M6-100 408 340
M7-100 – 679
M1-150 150 800 –
M2-150 800 –
M3-150 800 –
M4-150 400 333
M5-150 – 666
M6-150 400 333
M7-150 – 666
M1-200 200 783 –
M2-200 783 –
M3-200 783 –
M4-200 392 326
M5-200 – 652
M6-200 392 326
M7-200 – 652
M1-300 300 750 –
M2-300 750 –
M3-300 750 –
M4-300 375 312
M5-300 – 624
M6-300 375 312
M7-300 – 624brick aggregates with minimum cement content as possible.
Four series of mixtures with cement content 100, 150, 200
and 300 kg/m3 were prepared. Either natural ﬁne aggregate,
coarse aggregate or both were replaced with CBA. The substi-
tution ratios of natural aggregates with CBA were 0%, 50%
and 100% by volume.
For each series, seven different mixtures were manufactured
to examine the inﬂuence of incorporating coarse and ﬁne CBA
in solid cement bricks. Each mixture was identiﬁed with the
designation ‘‘MA-B’’, where ‘‘A’’ indicates the mixture No.
and ‘‘B’’ indicates cement content in the mixture. The control
mixture (M1) was manufactured with natural aggregates. In
mixtures M2 and M3, 50% and 100% of natural coarse aggre-
gate was replaced with coarse CBA, respectively, while inCoarse aggregates Water
Crushed stone Crushed brick
1224 – 170
612 441 193
– 882 215
1224 – 199
1224 – 227
612 441 221
– 882 263
1199 – 170
600 432 192
– 864 214
1199 – 197
1199 – 224
600 432 219
– 864 258
1175 – 170
587 423 191
– 847 212
1175 – 196
1175 – 222
587 423 217
– 847 254
1125 – 170
563 405 190
– 811 210
1125 – 195
1125 – 220
563 405 216
– 811 251
256 D.M. Sadekmixtures M4 and M5, 50% and 100% of natural ﬁne aggregate
was replaced with ﬁne CBA, respectively. Whereas, M6 and
M7 mixtures had 50% and 100% replacement of both coarse
and ﬁne natural aggregates with coarse and ﬁne CBA. All mix-
tures were designed to have almost a zero slump to be com-
pared on a common basis. Due to the higher water
absorption and the angular shape of CBA compared to natural
aggregates, extra water was added to keep the workability con-
stant. Mixtures proportions are shown in Table 2.
Mixing, curing, and testing
The experimental work was conducted in ‘‘Housing and Build-
ing National Research Center’’ to produce solid cement bricks
with dimensions of 250 · 120 · 60 mm. The manufacturing
process was as follows: First, cement was placed in the mixer
along with water and mixed for 1 min. Afterward, ﬁne aggre-
gates were added to the mixer and mixed for another 1 min,
and ﬁnally, coarse aggregates were added and mixed for
1 min. The total mixing time was about 3 min. This procedure
was followed to ensure a good adherence among the cement
particles and the used aggregates. Thereafter, the fresh mix-
tures were pressed under a pressure of 20 MPa using the
mechanical press shown in Fig. 1. The manufactured bricks
were removed from the mould and left in laboratory condi-
tions for 24 h, and then cured by water sprinkling twice per
day for 28 days. Fig. 2 shows the fresh mixture as well as the
bricks just after pressing.
It should be noted that the color of the hardened solid ce-
ment bricks containing crushed clay bricks changes from gray,
pink to reddish color according to the size and percentage of
CBA (Fig. 3).
The manufactured solid cement bricks were tested after
28 days of curing according to ES 48,619/2003 [20] and ASTM
C 67-03 [21] to determine the compressive strength, unit weight
and water absorption. The tested samples for water absorptionFig. 1 The used press.and unit weight were placed in an oven at 110 C and dried to
a constant mass for at least 24 h, then removed from the oven,
left to cool and weighed. Afterward, the samples were im-
mersed in water for 24 h, and then were taken out of the tank.
The surface water was allowed to drain by placing them on a
metal wire mesh and the visible surface water was removed
with a damp cloth, then the samples were reweighed immedi-
ately to get their saturated weight. The water absorption per
unit volume was calculated as the difference between the satu-
rated and dry weight divided by the overall volume of the
tested sample. The unit weight of the bricks was calculated
by dividing the dry weight of each sample by its overall vol-
ume. The compressive strength was determined by using a
compression test machine with a maximum capacity of
2000 kN. The compression load was applied to the face of each
sample with a dimension of 250 · 120 mm. Each result is the
average of ﬁve bricks. The results were checked for compliance
with ES 1292/1 [22] and ASTM C 90-03 [23] for load bearing
units as well as ES 1292/2 [24] and ASTM C 129-03 [25] forFig. 2 The appearance of the mix (a) after mixing and (b) just
after pressing.
Fig. 3 The appearance of the produced solid cement bricks.
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were compared with the properties of the control solid cement
bricks manufactured with natural aggregates.(c)
0
100
200
300
400
500
0 50 100   
 
C
om
pr
es
siv
e 
st
re
n
gt
h 
Limits for load  bearing units
Limits for non-load  bearing units
0
100
200
300
400
500
600
700
0 50 100
50 100
0 50 100
0
 
 
 
 
C
om
pr
es
siv
e 
st
re
n
gt
h 
(k
g/c
m2
)  
Limits for load  bearing units
Limits for non-load  bearing units
0
100
200
300
400
500
600
700
 
 
 
 
C
om
pr
es
siv
e 
st
re
n
gt
h 
(k
g/c
m2
)  
Limits for load  bearing units
Limits for non-load  bearing units
Replacement of CA Replacement of FA
Replacement of CA & FA
0
100
200
300
400
500
600
700
Replacement percentage (%)
 
 
 
C
om
pr
es
siv
e 
st
re
n
gt
h 
   
   
 
 
 
 
 
 
 
 
 
 
 
 
 
(k
g/
cm
2 ) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Limits for load  bearing units
Limits for non-load  bearing units
(b)
(c)
(d)
Fig. 4 Compressive strength of cement bricks: (a) 300 kg/m3
cement content, (b) 200 kg/m3 cement content, (c) 150 kg/m3
cement content, (d) 100 kg/m3 cement content.Results and discussion
Fresh properties
As illustrated before that the amount of added water was var-
iable to maintain the slump almost zero for all mixtures. There
was a systematic increase in water demand with increasing the
content of CBA, regardless of crushed brick size or cement
content. Water demand in mixtures containing ﬁne CBA was
higher than that in mixtures containing coarse CBA. The in-
crease in water demand may be due to the higher water absorp-
tion and the angular shape of CBA compared to natural
aggregates. The same ﬁndings were reported by Khalaf and
DeVenny [26] that in case of using crushed brick aggregate
in concrete, it will be harsher and less workable than concrete
containing natural aggregates.
Compressive strength
The compressive strength of the manufactured solid cement
bricks as a function of the substitution percentage of natural
aggregates and cement content is shown in Fig. 4. As expected,
the compressive strength increased by increasing the cement
content. Generally, the compressive strength decreased in mix-
tures containing CBA, regardless of crushed brick size or ce-
ment content. A systematic decrease in compressive strength
can be observed by increasing the replacement percentage of
natural aggregates. This may be due to the extra amount of
added water in mixtures containing CBA in addition to the
inferior strength of CBA compared with natural aggregates.
Solid cement bricks containing ﬁne CBA had the highest com-
pressive strength, followed by those containing coarse CBA at
the same replacement level. This is attributed to the pozzolanic
reaction between silica and alumina that exist in the very ﬁne
portion of CBA and the product of cement hydration (i.e.,
Portlandite). It was reported that including ground brick in
concrete causes an increase in the long-term strength due to
its pozzolanic nature [27]. Furthermore, solid cement bricks
containing both ﬁne and coarse CBA showed the lowest com-
pressive strength at all. Fine CBA could be used in manufac-
turing load bearing solid cement bricks even with low cement
content of 100 kg/m3 regardless of the substitution percentage
of sand. On the other hand, coarse CBA could be used in the
manufacture of load bearing or non-load bearing solid cement
bricks depending on the cement content and the substitution
percentage of dolomite. For an optimal utilization of ﬁne
and coarse crushed bricks together as alternative aggregates
in manufacturing of solid cement bricks and from economic
point of view, the substitution level of natural aggregates
should be limited to 50% and the content of cement should
be 200 or 150 kg/m3 for load bearing units and 100 kg/m3
for non-load bearing units.
The relationship between the cement content and compres-
sive strength of the manufactured solid cement bricks is pre-
sented in Fig. 5. It is clear that depending on the target
strength, the size of CBA and the substitution percentage of
natural aggregates, the cement content should be adjusted tosatisfy the requirements of standards for load bearing or
non-load bearing units based on the application of the manu-
factured bricks. For example to obtain a target compressive
strength of 150 kg/cm2, the following options are available as
shown in Fig. 6:
(i) Using natural coarse and ﬁne aggregates, 50% ﬁne CBA
or 100% ﬁne CBA, hence the cement content should be
100 kg/cm2,
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Fig. 7 Unit weight of solid cement bricks: (a) 300 kg/m3 cement
content, (b) 200 kg/m3 cement content, (c) 150 kg/m3 cement
content, (d) 100 kg/m3 cement content.
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strength of solid cement bricks.
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Fig. 6 The estimated cement content as a function of compres-
sive strength, size of recycled aggregates and replacement percent-
age of natural aggregates.
258 D.M. Sadek(ii) using 50% coarse CBA, then the cement content should
be 116 kg/m3,
(iii) using both ﬁne and coarse CBA replacing 50% of natu-
ral aggregate, then the cement content should be 133 kg/
m3 or
(iv) using 100% coarse CBA, then the cement content
should be 220 kg/ m3.
Unit weight
The unit weight values for the manufactured solid cement
bricks as a function of the substitution percentage of natural
aggregates and cement content are shown in Fig. 7. The unit
weight values ranged from 2.095 to 1.628 t/m3 while the con-
trol mixtures exhibit the largest unit weight. There is a slight
increase in the unit weight with the increase in cement content.
Using of crushed bricks as aggregate decreased the unit weight
of the manufactured solid cement bricks almost linearly. The
use of ﬁne CBA did not cause substantial reduction in the unit
weight of the manufactured bricks even at high replacement
levels. With up to 50% replacement, the unit weight was sim-
ilar to that of the control, whereas at 100% replacement, a
reduction of only less than 6% occurred. The unit weight for
solid cement bricks containing coarse CBA was lower than
that for those containing ﬁne CBA at the same replacementlevel. Furthermore, solid cement bricks containing both coarse
and ﬁne CBA showed the lowest unit weight among all
mixtures. The reduced unit weight of the product is due to
the reduced unit weight of CBA compared to natural
aggregates.
As shown in Fig. 7 and according to the classiﬁcation set
out in ES 1292/1 [22] and ASTM C 90-03 [23] for solid cement
bricks based on the unit weight, where I, II and III are the
range of unit weight for normal weight, medium weight and
lightweight bricks, respectively, it can be found that the use
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solid cement bricks in the range of normal weight bricks to
medium weight bricks depending on the cement content. On
the other hand, the use of coarse CBA converted the manufac-
tured bricks from the class of normal weight bricks to the class
of medium weight bricks, regardless of cement content. More-
over, the use of ﬁne and coarse CBA together changed the class
of the manufactured bricks from normal weight bricks to med-
ium or lightweight bricks depending on substitution percent-
age of aggregates and cement content. Hence, the main
advantage of using CBA in manufacturing solid cement bricks
is to decrease the unit weight of the product, which is beneﬁcial
in reducing the self weight of structures and at the same time
have a better thermal insulation than conventional solid ce-
ment bricks.
The relationship between compressive strength and unit weight of
solid cement bricks
The correlation between the compressive strength and unit
weight for all mixtures is shown in Fig. 8. If a power relation-
ship is ﬁtted to all data, the following equation will be
obtained:
y ¼ 0:1305x11:97
where y is the 28-day compressive strength in kg/cm2 and x is
the 28-day unit weight in t/m3. It is clear that the compressive
strength of solid cement bricks is proportional to its unit
weight; the higher the unit weight, the higher the compressive
strength.
Water absorption
The main agents of deterioration require the presence and
movement of water within the material itself. The presence
of water can cause freeze-thaw damage to the product. Fur-
thermore, water can carry chlorides and sulfates as well as
other harmful ions. Hence, the absorption of the product has
a great effect on its durability. Fig. 9 shows the water absorp-
tion values in kg/m3 for the manufactured bricks at different
cement contents. It can be observed that, the water absorption
of the manufactured bricks increases with decreasing cement
content and with increasing CBA content. Minimum water
absorption for the solid cement bricks containing CBA was
observed at 50% replacement level of ﬁne aggregate.0
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Fig. 8 Relationship between compressive strength and unit
weight.According to ES 1292/1 [22] and ASTM C 90-03 [23] for load
bearing units that the maximum permissible limit for solid ce-
ment bricks water absorption is 208 kg/m3, 240 kg/m3 and
288 kg/m3 for normal weight bricks, medium weight bricks
and lightweight bricks, respectively. It should be noted that
the manufactured solid cement bricks satisﬁed the require-
ments of standards for normal weight bricks regardless of
the class of the produced brick.
As expected, water absorption of the manufactured bricks
containing coarse CBA was greater than that of the naturalReplacement of CA Replacement of FA
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Fig. 9 Water absorption of solid cement bricks: (a) 300 kg/m3
cement content, (b) 200 kg/m3 cement content, (c) 150 kg/m3
cement content, (d) 100 kg/m3 cement content.
260 D.M. Sadekaggregate bricks. Debieb and Kenai [4] reported that the
absorption of crushed brick concrete is higher than that of nor-
mal concrete. This may be attributed to the highly porous nat-
ure of coarse CBA compared to dolomite. In case of solid
cement bricks containing ﬁne CBA; water absorption was
comparable with that of the natural aggregate solid cement
bricks. It was found to be sometimes less than that of natural
aggregates solid cement bricks. This may be due to the ﬁller ef-
fect of the ﬁne portion of the CBA. On the other hand, when
both coarse and ﬁne CBA are used, the water absorption sig-
niﬁcantly increased compared to that of the natural aggregate
solid cement bricks. Water absorption was found to be some-
times doubled with CBA compared to natural aggregates solid
cement bricks.
Conclusions
Regarding the properties of aggregates, it can be found that
natural aggregates had higher speciﬁc gravity and unit weight
than those of crushed clay brick aggregates. In contrast,
crushed clay brick aggregate had higher water absorption
and strength than that of natural aggregates.
Regarding the properties of solid cement bricks, it can be
found that as the content of crushed clay brick increased, the
unit weight of solid cement bricks decreased and the water
absorption increased, regardless of the size of crushed clay
brick or cement content. On the other hand, the compressive
strength of solid cement bricks containing crushed brick aggre-
gates gradually decreased by increasing the size and content of
crushed bricks. Therefore, before using crushed brick aggre-
gates in manufacturing solid cement bricks, the appropriate
amount of cement should be determined to satisfy the require-
ments of the standards for load bearing or non-load bearing
units based on the application of the manufactured bricks.
The compressive strength of solid cement bricks is propor-
tional to its unit weight; the higher the unit weight, the higher
the compressive strength.
It was feasible to use crushed clay bricks in the manufacture
of solid cement bricks satisfying the minimum requirements of
the standards. However, to conﬁrm the suitability of using
crushed clay bricks as alternative aggregates in manufacturing
of solid cement bricks, tests of durability should be performed
to observe the performance of this product under severe cli-
matic conditions such as hot and dry climates or under aggres-
sive sulfate or chloride attack after a long time.
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